Introduction
============

During the last decades, there have been tremendous efforts to develop the biofunctional scaffolds that can not only provide secure microenvironments for cell growth, but can also promote cellular behaviors. As part of these efforts, many studies have suggested and designed various types of tissue engineering scaffolds using a variety of biomaterials. Although the scaffold materials are always contingent upon the target tissues or cells, biocompatible polymer-based scaffolds have been most popularly studied for tissue engineering scaffolds. In particular, polymer-based scaffolds can be functionalized with diverse biochemical factors, such as growth factor, peptide and drug, to confer promoting effects on cellular behaviors [@B1]-[@B3]. It has been reported that the specific peptides can be functionalized into polymeric scaffolds, and improve cell adhesion and differentiation [@B1]. Various growth factors or drugs have been also widely employed to control or enhance cell growth and tissue regeneration by incorporating into polymer scaffolds [@B1]-[@B4]. However, there are issues to be considered before the applications of these approaches, although the biochemical factor-incorporated scaffolds have excellent biological and physiological activities. The incorporated biochemical factors should be compatible with basic structural materials for immobilizing within them. In addition, suitable techniques are needed to minimize the loss of biochemical factors in the preparation of scaffolds, and peptide or drug purification processes require much time and high cost. Hence, there are a number of efforts underway to address these issues.

The M13 bacteriophage (M13 phage) has merged as a novel organic building block in biomedical applications. M13 phage is a harmless filamentous virus that can express many desired peptides on their surfaces [@B5]-[@B7]. It is compactly covered by the 2,700 major coat proteins (pVIII), which can be genetically engineered to display numerous desired peptides, leads to allow the facile preparation of desired peptide assembly [@B8], [@B9]. In addition, desired peptide-displaying M13 phages can be simply and economically produced by infecting bacteria and mass amplification process. Therefore, M13 phage is one of the most promising candidates for physiological and biological active peptide applications, and many studies have been recently carried out to support and promote the cellular behaviors, including proliferation and differentiation, by expressing specific peptides on the surface of M13 phages [@B10], [@B11]. In the present study, we used RGD peptide-displaying M13 phage (RGD-M13 phage) as a novel building block for the facile preparation of biofunctional scaffolds to address the drawbacks of synthetic peptides. The RGD peptide, a tripeptide (Arg-Gly-Asp) found within extracellular matrix (ECM) proteins, plays a pivotal role in cell adhesion, proliferation and differentiation [@B12], [@B13]. The RGD peptide-enriched scaffolds can noticeably promote cell adhesion. Therefore, we decorated RGD peptides into poly(lactic-*co*-glycolic acid) (PLGA), a biodegradable polymer, nanofibers by using RGD-M13 phages.

On the other hand, in addition to the biochemical factors, there have recently been enormous efforts to employ graphene-family nanomaterials in biomedical fields [@B14], [@B15]. Graphene oxide (GO), a type of graphene-family nanomaterials, is an oxidized form of graphene having many oxygen-containing surface groups, such as hydroxyl, carbonyl, epoxy, and carboxyl groups. Therefore, GO can specifically interact with various biomolecules. Moreover, GO has been shown to enhance myogenic differentiation as well as cellular behaviors [@B16], [@B17]. Hence, we fabricated GO-decorated PLGA/RGD peptide (GO-PLGA/RGD) ternary nanofiber sheets, and investigated their potentials as biofunctional tissue engineering scaffolds. Furthermore, the aligned GO-PLGA/RGD nanofiber sheets were prepared by magnetic field-assisted electrospinning (MFAES), and their effects on myogenesis were examined. In general, skeletal myoblasts differentiate into mature myotubes by fusion of neighboring cells, when they are fully proliferated. Therefore, myoblast alignment (i.e., end-to-end configuration) plays central role in cell fusion because skeletal myoblasts have spindle-like morphology. Additionally, it has been extensively acknowledged that the specific topographical cues of scaffold surface can directly induce the myoblast alignment, leads to the enhanced myogenic differentiation [@B18]-[@B22]. Herein, we explored the potentials of the aligned GO-PLGA/RGD ternary nanofiber sheets, which can provide both biochemical and surface topographical cues, for facilitating myogenesis.

Materials and Methods
=====================

Fabrication of aligned GO-PLGA/RGD ternary nanofiber sheets
-----------------------------------------------------------

The functionalization of RGD peptides into the electrospun fiber sheets was accomplished by utilizing RGD-M13 phages as reported in our previous studies [@B9], [@B23]. The RGD peptides were expressed on the side wall of M13 phage by genetic engineering. Briefly, an inverse polymerase chain reaction cloning method was conducted to express RGD peptides on major coat proteins of M13 phages, as describe elsewhere [@B9], [@B24], [@B25].

GO was synthesized from expanded graphite using a modified Hummers and Offeman method [@B26]. As a starting material, a small amount of expandable graphite (Asbury Carbon, Grade 1721) was placed into a 500 mL beaker and heated for \~10 s in a microwave oven; the expansion of graphite to \~150 times its original volume was induced. For the acid treatment process, a 250 mL flask, equipped with a Teflon-coated magnetic stirrer, was filled with 50 mM of concentrated sulfuric acid. The flask was then placed into an ice bath maintained at 0 °C. Subsequently, the expanded graphite (2 g) was added slowly to the flask to make a suspension, followed by the slow addition of potassium permanganate (6 g). The temperature was then increased to 35 °C, and the suspension was stirred for approximately 2 h. The flask was then placed in an ice bath to cool the mixture, and the excess deionized water was added slowly to the mixture, maintaining the temperature below 70 °C. H~2~O~2~ (30 wt%) was then added slowly to remove the potassium permanganate; vigorous bubbles appeared and the color of the suspension changed from dark brownish to yellow. The suspension was filtered several times and diluted with deionized water to remove the acid completely; the pH of the dispersion was monitored until it reached 6. Finally, after suction drying over 12 h, the GO was prepared.

GO-PLGA/RGD ternary nanofiber sheets were produced by electrospinning technique. The electrospinning solution was prepared by dissolving PLGA (lactide/glycolide molar ratio = 75/25, molecular weight = 70,000-110,000 Da, 200 mg/mL, Evonik Industries, Essen, Germany) and RGD-M13 phages (10 mg/mL) in 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol (Sigma-Aldrich Co., St Louis, MO, USA), and then GO solution (2 mg/mL, Sigma-Aldrich Co.) in water was blended with RGD-M13 phage and PLGA blend solution. Electrospinning was conducted by loading the RGD-M13 phage, GO and PLGA blend solution in a syringe attached to a 21-gauge needle. A voltage of 14 kV was applied and the blend solution was injected at a feeding rate of 0.2 mL/h. A steel rotating wheel covered by aluminum foil was placed 11 cm from the needle tip to collect the nanofibers. After then, GO-PLGA/RGD sheets were kept in vacuum for at least 8 h at room temperature in order to eliminate all remaining solvent.

The aligned GO-PLGA/RGD ternary nanofiber sheets were fabricated MFAES method at collector rotation speed of 2000 rpm. The MFAES is an effective technique for fabricating aligned fiber sheets by introducing an external magnetic field to the collector. The external magnetic field is introduced by a collector, where grounded and insulated regions are alternately placed. The aligned nanofiber sheets are fabricated by electrostatic interactions leading to the charged nanofibers to reach rotating collector and span across the gap between neighboring grounded regions [@B27]-[@B29].

Characterizations of aligned GO-PLGA/RGD ternary nanofiber sheets
-----------------------------------------------------------------

Surface morphologies of electrospun nanofiber sheets were characterized by scanning electron microscopy (SEM; S-800, Hitach, Tokyo, Japan) with a 5 kV acceleration voltage. The sheets were coated with an ultrathin layer of gold/platinum by an ion sputterer (E1010, Hitach, Tokyo, Japan) prior to SEM observations.

The fast Fourier transform (FFT) method was presented for investigating the alignment of constituent nanofibers [@B30]-[@B33]. The information of optical data image is converted from a "real" domain to a mathematically defined \'frequency\' domain by FFT function. The results of FFT output image is presented as grayscale pixels, and reflect the degree of fiber alignment in the original data image. The SEM images were analysis by FFT method using ImageJ software (National Institutes of Health, Bethesda, MD, USA) supported by an oval profile plug-in (created by William O\'Connnell). The FFT frequency distributions were created by placing an oval projection on the FFT image and radial summing of the pixel intensities for each angle between 0 and 360º. The pixel intensities were integrated between center and edge of images on each radius. Because FFT frequency distributions were symmetric, the pixel intensities were presented between 0 and 180º. All FFT data were normalized to compare data sets obtained in each experimental group (i.e. PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofiber sheets) by using ImageJ software. The normalized intensities represented electrospun fiber alignment in SEM images.

Water contact angles of the nanofiber sheets were measured to investigate the surface hydrophilicity of the sheets using a OCA10 goniometer (Dataphysics, Filderstadt, Germany) by placing a drop of distilled water (10 μL) on the nanofiber sheets.

The composition of electrospun nanofiber sheets was analyzed by Raman spectroscopy. The Raman spectra of nanofiber sheets were obtained by a Raman spectrometer (Micro Raman PL Mapping System, Dongwoo Optron Co., Kwangju, Korea) with excitation at 514.5 nm using an Ar-ion laser with a radiant power of 5 mW.

The mechanical properties of the nanofiber sheets were examined by obtaining the stress-strain curves of the sheets using a tabletop tensile tester (LRX Plus Series, Ametek Lloyd Instruments Ltd., Fareham, UK) equipped with a 5 kN load cell under a cross-head speed of 10 mm/min. Prior to testing, 5 types of sheets, including PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofiber sheets, were cut into a rectangular shape, 40 mm in length and 10 mm in width. The aligned GO-PLGA/RGD nanofiber sheets were analyzed in longitudinal and transverse directions.

Cell Cultures and Conditions
----------------------------

The C2C12 mouse skeletal myoblasts were purchased from the American Type Culture Collection (Rockville, MD, USA) and routinely maintained in Dulbecco\'s modified Eagle\'s Medium (DMEM, Welgene, Daegu, Korea) supplemented with 10 % fetal bovine serum (Welgene) and a 1 % antibiotic-antimycotic solution (containing 10,000 units penicillin, 25 μg amphotericin B and 10 mg streptomycin per mL, Sigma-Aldrich Co.) at 37 °C in a humidified atmosphere containing 5% CO~2~.

*In vitro* assays for C2C12 myoblast behaviors on aligned GO-PLGA/RGD ternary nanofiber sheets
----------------------------------------------------------------------------------------------

The *in vitro* biocompatibility of fabricated nanofiber sheets, including PLGA, GO-PLGA, PLGA/RGD, and GO-PLGA/RGD nanofiber sheets, was examined according to the ISO 10993 standards for evaluating the biocompatibility of medical devices. The detailed experimental conditions for biocompatibility assays were described in [Supporting Information](#SM0){ref-type="supplementary-material"}.

To examine the initial attachment and proliferation of C2C12 skeletal myoblasts on GO-PLGA/RGD nanofiber sheets, a cell counting kit-8 assay (CCK-8 assay, Dojindo, Kumamoto, Japan) was performed following the manufacturer\'s protocol. The number of viable cells was directly proportional to the metabolic reaction products obtained in the CCK-8 assay [@B34], [@B35]. Briefly, a concentration of 1×10^4^ cells/mL was seeded on each sheet, and incubated for 4 h (initial cell attachment) or 1, 3, 5 and 7 days (proliferation) at 37 ºC. After then, the cells were incubated with CCK-8 solution for another 2 h in the dark at 37 ºC. The absorbance values were determined by using SpectraMax^®^ 340 plate reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm. The relative cell viability was determined as the percentage of the optical density value in the cells to the optical density value of control groups. The absorbance values of the cells cultured on tissue culture plastics (TCPs) were used as positive controls.

Immunofluorescence staining analysis of myogenic differentiation on aligned GO-PLGA/RGD ternary nanofiber sheets
----------------------------------------------------------------------------------------------------------------

In order to evaluate the myogenic differentiation of skeletal myoblasts on GO-PLGA/RGD ternary nanofiber sheets, C2C12 cells were seeded on PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofiber sheets at a density of 1×10^4^ cells/mL, and incubated for 7 days. The myogenic differentiation of C2C12 skeletal myoblasts on the nanofiber sheets was examined by immunofluorescence staining for myogenin and myosin heavy chains (MHCs). The cells were fixed with formalin solution (3.7% of formaldehyde solution, Sigma-Aldrich Co.) for 10 min, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich Co.) in Dulbecco\'s phosphate-buffered saline (DPBS, Gibco, Rockville, MD, USA) for 5 min and blocked with 2% bovine serum albumin (BSA, GenDEPOT, Barker, TX, USA) solution for 30 min. The myogenin was immunofluorescence stained with an anti-myogenin monoclonal antibody (clone F5D, 1:100 in 1% of BSA solution in DPBS; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) for overnight at 4 °C, followed by a secondary Alexa Fluor 488-conjugated anti-mouse IgG (at 1:200 in 1% of BSA solution in DPBS; Molecular Probes, Eugene, OR, USA) for 1 h at room temperature. To immunofluorescence staining for MHCs, cells were incubated with the Alexa Fluor 488-conjugated anti-MHC monoclonal antibody (clone MF20, 1:200, eBioscience Inc., San Diego, CA, USA) overnight at 4 °C. F-actins were stained with the tetramethyl rhodamine isothiocyanate (TRITC)-labeled phalloidin (at 1:40 in 1% of BSA solution in DPBS; Molecular Probes) for 20 min in the dark at room temperature, and the nuclei were counter stained using 4\',6-diamidino-2-phenylindole (DAPI, 1 μM, Sigma-Aldrich Co.). The stained cells were imaged using a custom-built two-photon excitation fluorescence microscope [@B36], [@B37]. The immunofluorescence images were analysed using ImageJ software, and the myoblast alignment was examined as described in \"**Characterizations of aligned GO-PLGA/RGD ternary nanofiber sheets**\" section.

Statistical analysis
--------------------

All variables were tested in three independent cultures for each experiment, which was repeated twice (n = 6). The quantitative data is expressed as the mean ± standard deviation (SD). The data was tested for the homogeneity of the variances using the test of Levene, prior to statistical analysis. Statistical comparisons were carried out using a one-way analysis of variance (ANOVA; SAS Institute Inc., Cary, NC, USA), followed by a Bonferroni test for multiple comparisons. A value of *p* \< 0.05 was considered statistically significant.

Results and Discussion
======================

Characteristics of aligned GO-PLGA/RGD ternary nanofiber sheets
---------------------------------------------------------------

The surface morphology of the GO-PLGA/RGD ternary nanofiber sheets was shown to be a three-dimensional network structure resembling the natural ECM (Figure [1](#F1){ref-type="fig"}A). The average diameters were 735 ± 400, 574 ± 386, 485 ± 192, 583 ± 258, and 507 ± 221 nm for the PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofiber sheets, respectively (Figure [1](#F1){ref-type="fig"}B). The diameter of the fabricated nanofibers decreased when RGD-M13 phages and/or GO were blended (Figure [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}B). It was reported that the diameter of the electrospun nanofibers was dependent on the properties of the electrospinning solution, such as viscosity, electrical conductivity, chemical composition, and molecular weight of the constituent polymers [@B38]-[@B40]. When RGD-M13 phage and/or GO suspensions were blended with PLGA solution, the electrical conductivity of the solution was increased due to the GO nanoparticles and the salts of the RGD-M13 phage suspension. In addition, the viscosity of the electrospinning solution decreased with the blending of the RGD-M13 phage and/or GO suspensions. Therefore, the diameter of the GO-PLGA/RGD nanofibers decreased compared to that of the PLGA fibers. Regarding the surface area-to-volume ratio, this decrease in the diameter of the GO-PLGA/RGD nanofibers significantly increases the surface area-to-volume ratio of the sheets, which allows achieving effective interactions between the cells and GO-PLGA/RGD nanofiber sheets [@B41]. Therefore, the both random and aligned GO-PLGA/RGD nanofiber sheets can effectively interact with cells because of their superior surface area-to-volume ratio. Furthermore, the natural ECM is composed of various reticular fibers having dimeters ranging from tens to hundreds of nanometers [@B42]-[@B44]. As shown in Figure [1](#F1){ref-type="fig"}B, the diameter of the GO-PLGA/RGD nanofibers widely varied in the range from 317 to 913 nm because the RGD-M13 phage and GO were randomly decorated into the PLGA fibers. Therefore, the GO-PLGA/RGD sheets composed of constituent fibers, which had various fiber diameters, were quite similar to the natural ECM in structural aspects. On the other hand, the aligned GO-PLGA/RGD nanofiber sheets were highly aligned in a single direction. In addition, according to the SEM images presented in Figure [1](#F1){ref-type="fig"}A, there were no significant differences in the morphological properties between the aligned GO-PLGA/RGD nanofibers and other nanofibers. The aligned GO-PLGA/RGD nanofibers showed smooth, beadless and continuous morphologies, indicating that the MFAES was suitable technique for fabricating aligned nanofiber sheets. To analyze the degree of fiber alignment, FFT analysis was employed, and the pixel intensity in FFT frequency distribution reflects the degree of fiber alignment (Figure [1](#F1){ref-type="fig"}C). The aligned GO-PLGA/RGD nanofibers showed the dominant distribution near 30°, whereas random fiber sheets displayed a broad distribution of fiber angle. These results indicated that the aligned GO-PLGA/RGD nanofibers were successfully fabricated by MFAES.

We measured the contact angles of sheets, because the surface hydrophilicity is one of the main factors that contributes to the interaction between cells and substrates (Table [1](#T1){ref-type="table"}). The contact angles of the PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofiber sheets were 137.6 ± 2.0º, 120.6 ± 2.3º, 83.8 ± 3.4º, 78.0 ± 2.8º, and 90.0 ± 3.3º, respectively. Contact angles of the nanofiber sheets gradually decreased when GO was decorated in the nanofibers. This could be attributed to the abundant hydrophilic groups on the GO surface, such as hydroxyl, carbonyl and carboxyl groups [@B45]. In addition, the contact angles further decreased when RGD-M13 phage was incorporated in the nanofibers. Therefore, the GO-PLGA/RGD nanofiber sheets have the most hydrophilic surface among other matrices. The contact angle of aligned GO-PLGA/RGD nanofiber sheets was slightly increased compared to that of the random one, which was attributed to the fact that the aligned GO-PLGA/RGD sheets had smaller pore size than random sheets due to fiber alignment [@B46]. However, as compared to the PLGA and GO-PLGA nanofiber sheets, the aligned GO-PLGA/RGD nanofiber sheets possessed greatly hydrophilic surface. This increase in surface hydrophilicity of matrices can also substantially facilitate the interactions between cells and matrices. Therefore, the GO-PLGA/RGD nanofiber sheets have suitable surface hydrophilic properties that can provide a favorable microenvironment for the cell adhesion and growth. The Raman spectroscopy was carried out to confirm the successful decoration of GO and RGD-M13 phages. Figure [2](#F2){ref-type="fig"}A showed the Raman spectra of PLGA, GO, RGD-M13 phage, and aligned GO-PLGA/RGD nanofiber sheets. In the aligned GO-PLGA/RGD nanofiber sheets, characteristic bands of PLGA were observed near 850 and 1760 cm^-1^, which were assigned to the C-COO^-^ vibration of lactic acid and C=O stretching of the ester groups, respectively [@B47]-[@B49]. On the other hand, the noticeable D and G bands of GO were clearly observed at 1350 and 1600 cm^-1^, respectively [@B50]. In addition, the specific bands near 950 and 1450 cm^-1^ were found, which could be attributed to the C-COO^-^ stretching from carboxylate group of glycine and the CO~2~^-^ stretching of a symmetric carboxylic acid, respectively [@B51], [@B52]. These results demonstrated that the aligned GO-PLGA/RGD nanofiber sheets were successfully fabricated by MFAES as well as GO and RGD-M13 phage were well decorated in the PLGA fibers.

To investigate the mechanical properties of aligned matrices, tensile test was performed under a tensile load. The stress-strain curves of matrices were shown in Figure [2](#F2){ref-type="fig"}B. In addition, the tensile strength, elastic modulus and ultimate strain were obtained from the stress-strain curves of the matrices, and described in Table [2](#T2){ref-type="table"}. The tensile strengths of the PLGA, GO-PLGA, PLGA/RGD, and random GO-PLGA/RGD nanofiber sheets were approximately 5.31, 11.42, 1.37, and 4.55 MPa, respectively (Figure [2](#F2){ref-type="fig"}B and Table [2](#T2){ref-type="table"}). The elastic moduli of the PLGA, GO-PLGA, PLGA/RGD, and random GO-PLGA/RGD nanofiber sheets were about 201.61, 386.20, 45.35, and 169.78 MPa, respectively. The elastic moduli were obtained as the maximum linear slope of the stress-strain curve in the elastic deformation region [@B53], [@B54]. When RGD-M13 phages were blended into the sheets, the tensile strength and elastic modulus of sheets were decreased owing to their intrinsic poor mechanical properties. However, when GO was incorporated, the tensile strength and elastic modulus of matrices were significantly (*p* \< 0.05) increased. This improved mechanical properties of matrices can be attributed to the incorporation of GO.

It has been noted that the GO can strongly interact with polymer matrix through chemical bonding between the oxygen-containing functional groups (e.g., hydroxyl, carbonyl, carboxyl, and epoxy groups) of the GO and the hydroxyl groups of the PLGA [@B55]. In addition, GO can also interact with the amino acids and carboxyl groups of the RGD-M13 phage. Therefore, the mechanical properties of GO-PLGA/RGD nanofiber sheets were remarkably reinforced due to the strong interfacial interactions between GO, PLGA and RGD-M13 phage. On the other hand, previous studies have shown that the attachment and proliferation of cells were markedly influenced by the mechanical properties of substrates. Hence, these results suggest that the decreased mechanical properties owing to the functionalized RGD-M13 phages can be reinforced through the decoration of GO, and the GO-PLGA/RGD nanofiber sheets are able to serve as mechanically stable substrates for cell growth. On the other hand, the mechanical properties of fibrous substrates are highly dependent on the orientation and alignment of constituent fibers [@B18], [@B19]. Therefore, we compared the mechanical properties of random and aligned GO-PLGA/RGD nanofiber sheets. As shown in Figure [2](#F2){ref-type="fig"}C and Table [2](#T2){ref-type="table"}, both fiber alignment and the direction of applied tensile stress had great effects on the tensile strength, elastic modulus and ultimate strain of sheets. When the tensile stress was applied in the longitudinal direction, the tensile strength and ultimate strain of the aligned GO-PLGA/RGD sheets were significantly increased as compared to the random matrices. On the contrary, the mechanical properties of the aligned sheets were found to be decreased when the tensile stress was applied in the transverse direction, even compared to random GO-PLGA/RGD sheets. These results are in complete accordance with previous reports [@B18], [@B19], [@B56]. These alignment-dependent mechanical responses of substrates are significant factors that can guide and direct cellular behaviors. We therefore hypothesized that the aligned GO-PLGA/RGD nanofiber sheets can not only guide the alignment of myoblasts, but can also stimulate the spontaneous myogenic differentiation. To test our hypothesis, we cultured the C2C12 myoblasts on GO-PLGA/RGD nanofiber sheets, and investigated their cellular behaviors, such as attachment, proliferation and myogenic differentiation.

Cell growth of C2C12 skeletal myoblasts on aligned GO-PLGA/RGD ternary nanofiber sheets
---------------------------------------------------------------------------------------

Prior to examining the cell growth of C2C12 skeletal myoblasts on aligned GO-PLGA/RGD ternary nanofiber sheets, the biocompatibility of fabricated nanofiber sheets were assessed according to the ISO 10993 standards for evaluating the biocompatibility of medical devices (Figure [S1](#SM0){ref-type="supplementary-material"}) [@B57]-[@B59]. As shown in Figure [S1](#SM0){ref-type="supplementary-material"}, there were no significant differences in the cell viability between experimental groups. In accordance with ISO 10993-5, it should be noted that the cell viability less than 70% is considered cytotoxic. However, the cell viability of all groups was found to be higher than 90%. Hence, it was demonstrated that the fabricated nanofiber sheets were biocompatible for C2C12 skeletal myoblasts. To evaluate the cellular behaviors of C2C12 skeletal myoblasts on the aligned GO-PLGA/RGD ternary nanofiber sheets, we cultured C2C12 skeletal myoblasts on the sheets, and investigated their initial attachment and proliferation (Figure [3](#F3){ref-type="fig"}). As shown in Figure [3](#F3){ref-type="fig"}A, the initial attachment of C2C12 myoblasts was significantly (*p* \< 0.05) increased on RGD peptide-containing sheets (i.e. PLGA/RGD, random GO-PLGA/RGD and aligned GO-PLGA/RGD sheets) than that on control (TCPs), PLGA and GO-PLGA nanofiber sheets. It has been extensively known that the RGD peptides play a fundamental role in cell attachment, and the RGD peptide-enriched substrates can stimulate the cell attachment [@B12], [@B13], [@B60]-[@B62]. Therefore, the initial attachment of C2C12 skeletal myoblasts was exceptionally increased on the RGD peptide-containing sheets. Moreover, the proliferations of C2C12 myoblasts on the PLGA/RGD, random GO-PLGA/RGD and aligned GO-PLGA/RGD nanofiber sheets were significantly (*p* \< 0.05) enhanced (Figure [3](#F3){ref-type="fig"}B). These enhanced cellular behaviors were attributed to the synergistic effects of RGD peptide and GO. According to the previous studies, the RGD peptide-enriched substrates are highly beneficial to both cell adhesion and proliferation since they can robustly activate the integrin-mediated signaling pathway [@B61], [@B63]; meanwhile GO also participated in the enhanced cellular behaviors by adsorbing serum proteins in culture media through electrostatic interactions between the serum proteins and oxygen-containing surface functional groups of GO, results in promoted cellular behaviors [@B16], [@B64], [@B65]. These synergistic effects of RGD peptide and GO can thus promote the growth of C2C12 myoblasts. In addition, considering the physicochemical properties of GO-PLGA/RGD sheets, the specific high surface area-to-volume ratio and surface hydrophilicity could also participated in facilitating the interactions between cells and matrices, leads to the enhanced attachment and proliferation of C2C12 myoblasts [@B66]-[@B68]. These findings indicated that the GO-PLGA/RGD nanofiber sheets were not only highly biocompatible, but could also promote the initial attachment and proliferation. On the other hand, interestingly, the proliferation rates of C2C12 myoblasts on random and aligned GO-PLGA/RGD nanofiber sheets were slightly decreased at day 7. In general, skeletal myoblasts begin to fuse between neighboring cells, and to differentiate into mature myotubes rather than further proliferate, when they are sufficiently grown until intercellular contacts are occurred [@B69], [@B70]. We therefore speculated that the GO-PLGA/RGD sheets could stimulate and promote spontaneous myogenic differentiation of C2C12 myoblasts by the synergistic effects of RGD peptide and GO.

Facilitated myogenesis on aligned GO-PLGA/RGD ternary nanofiber sheets
----------------------------------------------------------------------

To test our hypothesis, the C2C12 myoblasts were cultured on PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD and aligned GO-PLGA/RGD nanofiber sheets for 7 days in growth media, and their myogenic differentiation was investigated by immunofluorescence staining for myogenin and MHCs (Figure [4](#F4){ref-type="fig"}). The myogenin is an early stage marker of myogenic differentiation and a muscle-specific transcription factor that can induce myogenesis [@B16], [@B71], [@B72]. C2C12 myoblasts on the PLGA sheets showed abnormal morphology and much cellular debris owing to the intrinsic hydrophobic surface property of PLGA (Figure [4](#F4){ref-type="fig"}A). Additionally, the green fluorescence from myogenin was not observed. On the other hand, cells on the PLGA/RGD sheets were well grown, and the number of cells was appreciably increased as compared with that on PLGA sheets. However, the green fluorescence could also not be seen in the nucleus. In contrast, C2C12 myoblasts on GO-PLGA and GO-PLGA/RGD nanofiber sheets were not only favorably grown, but also exhibited green fluorescence from myogenin. In particular, on GO-PLGA/RGD sheets, strong green fluorescence was clearly detected. The percentage of myogenin-positive nuclei was much higher on the GO-PLGA/RGD sheets than other groups (3.6% for PLGA, 28.2% for GO-PLGA, 2.5% for PLGA/RGD, and 61.6% for GO-PLGA/RGD sheets, respectively), implying that the GO-PLGA/RGD nanofiber sheets can stimulate the myogenic differentiation. To further examine the stimulating effects of GO-PLGA/RGD nanofiber sheets on the myogenic differentiation of C2C12 skeletal myoblasts, immunofluorescence staining for MHCs, a late stage marker of myogenic differentiation, was conducted, and the results are presented in Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D. As shown in Figure [4](#F4){ref-type="fig"}C, the cells on the PLGA sheets could not be successfully grown and showed poorly-organized F-actins. However, on the PLGA/RGD and GO-PLGA/RGD nanofiber sheets, cells were successfully grown on the entire surface of matrices, and organized the network structure composed of well-developed F-actins (Figure [4](#F4){ref-type="fig"}C). On the other hand, the green fluorescence of MHCs was not exhibited from C2C12 myoblasts on PLGA and PLGA/RGD sheets, while the green fluorescence was detected from the cells on the GO-PLGA and, especially, GO-PLGA/RGD nanofiber sheets. These results indicated that the C2C12 myoblasts were fully proliferated on the GO-PLGA/RGD nanofiber sheets, followed by overt myogenic differentiation. The MHC-positive area (μm^2^/10^5^ μm^2^) was measured to quantitatively compare the MHC expression in C2C12 skeletal myoblasts on nanofiber sheets (Figure [4](#F4){ref-type="fig"}D). The C2C12 skeletal myoblasts on the GO-PLGA/RGD nanofiber sheets exhibited remarkably high MHC-positive area. These results are in accordance with the earlier studies. It has been documented that the graphene and GO can enhance the differentiation of myoblasts, as well as various types of stem cells, such as mesenchymal, neural, embryonic, and induced pluripotent stem cells [@B16], [@B73]-[@B77]. In particular, GO has been found to stimulate and accelerate the myogenic differentiation of C2C12 myoblasts through increasing serum protein adsorption from culture media via interfacial interactions between serum proteins and the oxygen-containing functional moieties of the GO [@B16]. Hence, the GO-PLGA/RGD nanofiber sheets could significantly accelerated spontaneous myoblast fusion as well as the myotube maturation of myoblasts. As shown in Figure [4](#F4){ref-type="fig"}C, the well-formed and mature myotubes were evidently observed on the GO-PLGA/RGD nanofiber sheets. These findings strongly support our hypothesis that the GO-PLGA/RGD nanofiber sheets can not only promote cell adhesion and proliferation, but can also stimulate and accelerate the spontaneous myogenic differentiation. Therefore, the GO-PLGA/RGD nanofiber sheets are verified to be biofunctional scaffolds that can stimulate and accelerate skeletal muscle differentiation as well as improve cellular behaviors.

According to the currently available literature, myoblast alignment is a critical factor in initiating and stimulating myogenic differentiation [@B19]-[@B21], [@B78]. In particular, the cell configuration plays an important role in fusion of myoblasts, and the end-to-end configuration of myoblasts can greatly enhance their fusion and myotube formation during early myogenic differentiation [@B79]-[@B82]. Therefore, to extend our findings for guiding C2C12 myoblast alignment, the myogenic differentiation of C2C12 skeletal myoblasts on the aligned GO-PLGA/RGD nanofiber sheets was examined. The C2C12 myoblasts were cultured on the aligned GO-PLGA/RGD nanofiber sheets in growth media for 3 and 7 days, and their behaviors were investigated (Figure [5](#F5){ref-type="fig"}). As shown in Figure [5](#F5){ref-type="fig"}A, the C2C12 myoblasts were well grown, and they began to orient themselves along the direction of the aligned nanofibers at 3 days after culture. The F-actins, especially, developed parallel to the aligned nanofiber direction (yellow arrows). However, C2C12 myoblasts could not yet be differentiated into myotubes and the green fluorescence of MHCs was not detected because they did not sufficiently proliferate to contact neighboring cells. Nonetheless, cells that began to align along the direction of nanofiber were clearly identified. After further culture for 4 days (total incubation time was 7 days), the myoblast alignment was obviously observed according to the direction of aligned fibers (Figure [5](#F5){ref-type="fig"}B). Moreover, the noticeable green fluorescence of MHCs was exhibited from the myoblasts. These results revealed that the aligned GO-PLGA/RGD nanofiber sheets can effectively induce myoblasts alignment, and stimulate myogenic differentiation by facilitating myoblast fusion. It has been reported that the surface topographical cues are a major driving force for cell alignment [@B18], [@B22], [@B83]. To quantify the cell alignment, the angles between the F-actins and pre-determined axis were analyzed by FFT methods. As shown in Figure [5](#F5){ref-type="fig"}C, the angle distributions of F-actin direction on aligned GO-PLGA/RGD nanofiber sheets were most dominant at a specific degree: 24° for day 3 and 42° for day 7. On the contrary, the cells on the random GO-PLGA/RGD nanofiber sheets were randomly oriented, and the angles between the F-actins and pre-determined axis appeared relatively broad distribution (Figure [5](#F5){ref-type="fig"}C). In addition, the myoblast alignment ratio was substantially increased on the aligned GO-PLGA/RGD nanofiber sheets (Figure [S2](#SM0){ref-type="supplementary-material"}). In Figure [S2](#SM0){ref-type="supplementary-material"}, the angle of 0° corresponded to parallel alignment from the direction of aligned nanofibers and the main axis of myoblasts, and the absolute angle of 90° denoted perpendicular alignment. The cells having an angle deviation less than 20° (i.e. -10° \< angle \< 10°) were estimated to be 23% for random GO-PLGA/RGD nanofiber sheets at day 7 (Figure [S2](#SM0){ref-type="supplementary-material"}A), 45.6% for aligned GO-PLGA/RGD nanofiber sheets at day 3 (Figure [S2](#SM0){ref-type="supplementary-material"}B) and 38.1% for aligned GO-PLGA/RGD nanofiber sheets at day 7 (Figure [S2](#SM0){ref-type="supplementary-material"}C), indicating that the myoblasts on the aligned GO-PLGA/RGD nanofiber sheets were highly aligned along the direction of aligned nanofibers. These results are largely consistent with previous reports, in which the aligned nanofiber matrices can directly induce cell alignment [@B20], [@B21], [@B78]. Moreover, the C2C12 skeletal myoblasts on the aligned GO-PLGA/RGD nanofiber sheets exhibited apparently strong green fluorescence of MHCs as compare to those on the random GO-PLGA/RGD nanofiber sheets (Figure [4](#F4){ref-type="fig"}C and [5](#F5){ref-type="fig"}B). These results indicated that the aligned nanofiber sheets can further facilitate and accelerate the myogenic differentiation of myoblasts. Hence, our fascinating results suggest that the aligned GO-PLGA/RGD nanofiber sheets readily induce myoblast alignment as well as directly stimulate the myogenic differentiation by providing specific topographical guidance and biochemical cues, provided by the synergistic effects of RGD peptide, GO and aligned nanofiber structure.

Conclusions
===========

This study was designed to develop the biofunctional scaffolds that can promote cellular behaviors and facilitate the myogenesis. The aligned GO-PLGA/RGD nanofiber sheets were successfully fabricated by MFAES, and their potentials as skeletal tissue engineering scaffolds were investigated. It was shown that the random GO-PLGA/RGD nanofiber sheets had a three-dimensional network structure resembling the natural ECM, while the aligned GO-PLGA/RGD nanofiber sheets had a highly aligned structure. The RGD peptide and GO were uniformly decorated in the sheets, and the physicochemical and mechanical properties of GO-PLGA/RGD nanofiber sheets were suitable for supporting cell growth. In addition, the initial attachment and proliferation of C2C12 skeletal myoblasts were significantly promoted on the GO-PLGA/RGD nanofiber sheets due to the synergistic effects of RGD peptide and GO. Moreover, the GO-PLGA/RGD sheets could accelerate the myogenic differentiation without additional myogenic factors. The myogenic differentiation analysis revealed that the aligned GO-PLGA/RGD nanofiber sheets could not only effectively induce myoblast alignment, but could also favorably stimulate the spontaneous myogenic differentiation. Collectively, it is proposed that the aligned GO-PLGA/RGD nanofiber sheets are one of the most promising approaches for facilitating myogenesis and promoting skeletal tissue regeneration.
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![**(A)** Representative SEM images of PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofiber sheets. All images shown in this figure are representative of six independent experiments with similar results. **(B)** Average diameters of PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and GO-PLGA/RGD nanofibers. **(C)** Pixel intensity plot of fiber alignment for PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofibers.](ntnov02p0144g001){#F1}

![**(A)** Raman spectra of PLGA, GO, RGD-M13 phage, and GO-PLGA/RGD nanofiber sheets. **(B)** Stress-strain curves of the PLGA, GO-PLGA, PLGA/RGD, and random GO-PLGA/RGD nanofiber sheets under a cross-head speed of 10 mm/min. **(C)** Comparison of mechanical properties between random and aligned GO-PLGA/RGD nanofiber sheets.](ntnov02p0144g002){#F2}

![**(A)** Initial attachment and **(B)** proliferation of C2C12 skeletal myoblasts on the control (TCPs), PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofiber sheets. An asterisk (\*) denotes a significant difference compared with the control (*p* \< 0.05). The data are presented as the average ± SD of at least three independent experiments, each performed in duplicate on different cultures.](ntnov02p0144g003){#F3}

![Immunofluorescence analysis for facilitated myogenesis of C2C12 skeletal myoblasts on PLGA, GO-PLGA, PLGA/RGD, and random GO-PLGA/RGD nanofiber sheets. **(A)** Two-photon excitation fluorescence images of C2C12 skeletal myoblasts stained with myogenin. The myogenin was stained with an anti-myogenin monoclonal antibody and a secondary Alexa Fluor 488-conjugated anti-mouse IgG (green). The scale bars are 25 μm. (B) Quantitative analysis of the percentage of myogenin-positive nuclei. (C) Two-photon excitation fluorescence images of C2C12 skeletal myoblasts stained with myosin heavy chains (MHCs). The MHCs were stained with Alexa Fluor 488-conjugated anti-MHC monoclonal antibody (green). The scale bars are 50 μm. (D) Quantification of MHC-positive area of C2C12 skeletal myoblasts. The cell nuclei were counterstained with DAPI (blue), the F-actins were stained with TRITC-labelled phalloidin (red). An asterisk (\*) denotes a significant difference compared with the other groups (*p* \< 0.05). The data are presented as the average ± SD of at least three independent experiments, each performed in duplicate on different cultures.](ntnov02p0144g004){#F4}

![Immunofluorescence staining analysis of myogenic differentiation and myoblast alignment on the aligned GO-PLGA/RGD nanofiber sheets. **(A, B)** Two-photon excitation fluorescence images of C2C12 skeletal myoblasts on the aligned GO-PLGA/RGD nanofiber sheets at **(A)** 3 and **(B)** 7 days of incubation. The cell nuclei were counterstained by DAPI (blue), F-actins were stained with TRITC-labelled phalloidin (red) and the myosin heavy chains (MHCs) were stained with Alexa Fluor 488-conjugated anti-MHC monoclonal antibody (green). The scale bars are 50 μm. Yellow arrows indicate the direction of aligned nanofibers. All photographs shown in this figure are representative of six independent experiments with similar results. **(C)** Quantitative analysis of the cell alignment on the random and aligned GO-PLGA/RGD nanofiber sheets. Note the distinctive pixel intensity created by the FFT output image containing aligned myoblast information.](ntnov02p0144g005){#F5}

###### 

Water contact angles of PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofiber sheets.

  Sample                Water Contact Angle (°)
  --------------------- -------------------------
  PLGA                  137.6 ± 2.0
  GO-PLGA               120.6 ± 2.3
  PLGA/RGD              83.8 ± 3.4
  Random GO-PLGA/RGD    78.0 ± 2.8
  Aligned GO-PLGA/RGD   90.0 ± 3.3

The data are expressed as the average ± standard deviation (SD) of at least three independent experiments, each performed in duplicate on different samples.

###### 

Mechanical properties (tensile strength, elastic modulus and ultimate strain) of PLGA, GO-PLGA, PLGA/RGD, random GO-PLGA/RGD, and aligned GO-PLGA/RGD nanofiber sheets. The aligned GO-PLGA/RGD nanofiber sheets were analyzed in longitudinal and transverse directions

  Sample                          Tensile Strength (MPa)   Elastic Modulus (MPa)   Ultimate Strain (%)
  ------------------------------- ------------------------ ----------------------- ---------------------
  PLGA                            5.31 ± 0.19              201.61 ± 40.75          220.73 ± 15.51
  GO-PLGA                         11.42 ± 0.62             386.20 ± 81.18          16.59 ± 1.17
  PLGA/RGD                        1.37 ± 0.27              45.35 ± 7.38            54.01 ± 5.39
  Random GO-PLGA/RGD              4.55 ± 0.45              169.78 ± 26.31          6.79 ± 0.44
  Aligned GO-PLGA/RGD in TD\*     2.00 ± 0.51              157.38 ± 7.38           10.84 ± 1.31
  Aligned GO-PLGA/RGD in LD\*\*   10.98 ± 2.07             101.91 ± 17.88          23.67 ± 3.16

\*TD: transverse direction; \*\*LD: longitudinal direction
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